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Summary. An original processing route by powder metallurgy was developped to
alloy pure Ni foams so, that the foam becomes refractory for high temperature
applications. The modelling of such a foam at high temperature starts from the
behavior of the basic constitutive material, then we use micromechanical models to
predict the mechanical properties under tension and in compression creep. A 3D
finite element analysis of a volume analysed by X-ray tomography is performed to
study the foam deformation mechanisms in both conditions.
1 Introduction
Open-cell Ni foams are mainly used as battery electrodes. The very large spe-
cific surface of the INCOFOAMr pure Ni foams also leads to outstanding
filtration properties [1, 2]. A Diesel Particulate Filter (DPF) application re-
quires the alloying of the INCOFOAMr material to improve the oxidation
resistance and to provide thermal stability. For that purpose, a foam alloying
route using powder metallurgy was developed by INCO and IFAM (patent
number: DE 103 01 175.7). The alloyed foams designed for the DPF appli-
cation are named INCOFOAMrHighTemp . The typical alloy composition
of the foams studied in this work is that of Inconel 625. A short review of
the alloying techniques is given in [17, 18]. Inconel 625 foams were recently
synthesized by powder metallurgy in [13, 14] and by vapor deposition in [12].
The objective of the work is to provide tools for the design of DPF con-
sidering critical aspects of the life-time of a real filter, from its manufacturing
to the in service conditions. The manufacturing of complex filter shapes can
induce damage in the foam that could affect the durability of the filter compo-
nent. Creep in the filter is likely to start during high temperature regeneration
regime.
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A predictive model for tensile properties for both Ni and alloyed foams is
presented. It assumes that the bending of the struts is the main deformation
mechanism in the foam [10]. A simplified morphology is deduced from 3D
reconstruction of microtomography of Ni foams [3], 2D image analysis and
electrical resistivity measurements. Creep of alloyed foams is also investigated
in this work. Two creep mechanisms are evidenced from the experimental
point of view and we confronted an existing model [18] to a large experi-
mental data set of alloyed foams creep measurements. The proposed model
describes better high temperature (above 800 ◦C ) creep than low temperature
creep. A 3D investigation of microtomographic foam images with the Finite
Elements Method is finally used in order to assess the assumptions of the
models presented before.
2 Materials and experimental techniques
2.1 Materials
The Ni base alloyed foams are obtained by a powder metallurgy alloying route
using pure Ni foams INCOFOAMr as a template. The materials considered
in this work are given in table 1. The INCOFOAMr are produced as foam
plates and we distinguish a coiling direction RD, a transverse direction TD
and the normal direction ND. The process is divided into three steps: binding,
coating and finally sintering. The amount and the composition of the powder
sintered on the foam is set to reach the theoretical composition of Inconel 625.
SEM pictures of both a pure Ni foam INCOFOAMr and an alloyed foam
INCOFOAMrHighTemp having the same initial morphology are presented
in figure 1. The porous Ni foam structure is not affected by alloying. In both
cases, the hollow struts can be seen. We define the volume fraction Φ of a foam
as the ratio between the solid volume and the total volume of the foam. We also
define the mechanical volume fraction of a foam Φmech which is the volume
fraction of the foam that really contributes to the mechanical properties of
the foam. For pure Ni foams, we consider that Φmech = ΦNi whereas for
alloyed foams, we can see on figure 1 that a reduced part of the sintered
particles mass really contributes to the mechanical properties of the foam.
For the alloyed foams, we deduce ΦNi ≤ Φmech ≤ ΦAlloyed. This point will be
discussed further in this work.
We also applied the alloying procedure by powder metallurgy to 10µm thick
pure Ni foils to study the influence of the alloying process on the constitutive
material of the foam. A cross section SEM picture of the alloyed foil is given
in figure 2.
Microtomography analyses [3, 4] on Ni foams have shown that the cell vol-
ume distribution is monomodal and centered on 0.025 mm3. The correspond-
ing cell diameter is equal to 390µm . The cells are not spherical but elongated
Title Suppressed Due to Excessive Length 3
ellipsoids. Their main axes called a < b < c have also a monomodal dis-
tribution centered on a=316µm , b=399µm and c=479µm . The ratios of the
equivalent axes R = b/a and Q = c/a represent the morphological anisotropy
of the foam. We have: R=1.27 and Q=1.52. These axes have a preferential ori-
entation in the space linked to the manufacturing process: a-axes are mainly
oriented in the TD direction, b and c-axes are tilted in the ND-RD plane (see
figure 6). The strut length distribution is monomodal centered on 149µm .
(a) (b)
(c) (d)
Fig. 1. SEM pictures of (a) initial Ni foam (b) alloyed foam (c) initial Ni foam cross
section (d) alloyed foam cross section.
2.2 Experimental techniques
Tensile tests were carried out on all foam types presented in table 1. Dog-
bone tensile samples were cut out of the foam strips. They were tested in
a conventional tensile testing machine at room temperature. Load was mea-
sured with a 500 N load cell and elongation was measured with a light resistive
extensometer (gauge length 100 mm). Tensile tests were carried out on the
foils presented in table 1.
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Ni Foams INCOFOAMr
Label Electrical Measured cell Cell size Thickness Manufact.
Φ (%) anisotropy diameter a (µm ) (µm ) (mm) process
C450 3.2 1.66 288 450 1.5 CVD
C450 2.6 1.27 N/C 450 1.6 CVD
C450 13 1.64 316* 450 1.5 CVD
D580 2.5 1.36 382 580 1.9 EP
D580 2.1 1.44 N/C 580 1.9 EP
D800 2.1 1.39 466 800 2.5 EP
D800 1.6 1.46 N/C 800 2.5 EP
D1200 1.9 1.36 788 1200 3.0 EP
D1200 1.3 1.18 N/C 1200 3.0 EP
Alloyed Foams INCOFOAMrHighTemp
Label Electrical a Thickness Ni base
Φ (%) anisotropy (µm ) (mm) foam
A763 8.4 1.65 285 1.5 C450 3.2
A808 7.6 1.08 295 1.6 C450 2.6
A782 6.8 1.34 422 2.0 D580 2.5
A809 5.5 1.25 353 2.0 D580 2.1
A790 4.9 1.34 650 2.5 D800 2.1
A810 3.8 1.54 522 2.5 D800 1.6
A793 4.7 1.28 803 3.1 D1200 1.9
A811 2.8 1.34 724 3.1 D1200 1.3
Foils
Label Constitutive Foil
material thickness (µm )
FCommercial Commercial Inconel 625 25
FAlloyed IN625 10
Table 1. Materials used for this study. CVD is used for Chemical Vapor Deposition
and EP for ElectroPlating.
Monotonic compression and creep compression tests were also carried out
on the alloyed foams. Discs (diameter 20 mm) were cut out of the foam strip
with a turning lathe and tested at high temperature in a radiative furnace. The
applied creep stress levels are set close to the plateau stress of the compressive
stress-strain curves of the foams.
Resistivity measurements were performed on foam samples (20 cm × 3
cm) cut in RD and TD with a modified four wire technique. The electrical
anisotropy is the ratio of resistivity in the TD and the RD directions. It
was applied on both Ni foams and alloyed foams. This measure gives a good
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(a) (b)
Fig. 2. Alloyed Ni foil with powder metallurgy. SEM picture of (a) the foil surface
(b) the foil cross section.
approximation of foam anisotropy [7]. The ratio of measured resistivity along
directions TD, ΩTD and RD, ΩRD give the anisotropy ratio assuming the
model of figure 6. This ratio is called electrical anisotropy in table 1.
ΩTD
ΩRD
=
c
a
= Q (1)
The measured electrical anisotropy values lye between 1.18 and 1.66.
3 Experimental results
3.1 Tensile tests
Tensile tests were performed at room temperature on pure Ni foams and
alloyed foams. Some tensile curves are given in figure 3 and 4. As already
observed in [7], foams have a strongly anisotropic behavior. The stress levels
along RD are about twice the stress level along TD. Another effect is the
stiffening of the foam due to the alloying process. The stress level is about
five times higher for the alloyed foam. We observe a certain embrittlement
due to the alloying process. The ductility of the foams is divided by a factor
two.
Tensile tests were also performed on the foils presented in table 1. The
commercial foil FCommercial exhibits a stress peak typical for superalloy
tensile curves whereas the alloyed foil FAlloyed exhibits a smoother behavior.
This can be due to the wrinkling of the foil surface caused by capillarity forces
during the high temperature sintering process. The foil FAlloyed, obtained by
powder metallurgy technique, is less ductile. The ultimate strain at fracture is
five times lower than that of the commercial foil FCommercial. We identified
an elastoplastic constitutive model with the von Mises criterion f and a linear
hardening coefficient H described by the equations 2 to 3. The calibrated
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Fig. 3. Experimental, simulated and predicted tensile tests of foam strips cut in the
RD and the TD of (top) D580 2.5 and D580 2.1 (bottom) D800 2.1 and D800 1.6.
Fig. 4. Experimental and predicted tensile tests of foam strips cut in the RD and
the TD of A782 6.8 and A809 5.5.
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parameters can be found in 2 as well as the parameters for 10µm thick pure
Ni foils found in [6].
ε = εe + εp, f(σ) =
√
3
2
σdev : σdev − σy (2)
σy = σ0 +Hp, ε˙p = p˙
∂f
∂σ
(3)
where σdev is the deviatoric part of the stress tensor and p the equivalent
plastic deformation.
Young’s modulus Yield stress Hardening modulus
E (GPa) σ0 (MPa) H (MPa)
FCommercial 200 478 5800
FAlloyed 200 373 2080
Pure Ni foil [6] 204 70 1800
Table 2. Identified material data of the linear hardening law (equations 2 to 3) for
foils FCommercial, FAlloyed and a 10µm pure Ni foil [6].
3.2 Creep tests
Creep tests were performed on alloyed foam disks. When a constant stress is
applied, a steady-state strain rate occurs after a short transient. The steady-
state strain rate of cellular materials can be related to the uniaxial stress by
the power law:
ε˙∗ = A∗σ∗n
∗
(4)
where the constant A∗ depends on the temperature. This equation is the
analogous to the power law equation for bulk materials (with the macroscopic
constants A∗ and n∗) like in equation 9. We tested the alloyed foams at 500 ◦C ,
600 ◦C , 700 ◦C , and 800 ◦C and we plotted the stress and the strain rate
values in figure 5. A transition in the n∗ creep stress exponent is observed for
stress values in the order of 0.5MPa at temperatures above 700 ◦C and stress
values in the order of 1MPa at temperature below 700 ◦C . We identified the
constants A∗ and n∗ (see table 3) for low stresses and high stresses. The low
stress regime n mean value is equal to 1.0, high stress regime n mean value is
equal to 4.2.
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Low stress High stress
Alloyed Temperature n∗ A∗ n∗ A∗
foams ◦C (-) (MPa−n
∗
s−1) (-) (MPa−n
∗
s−1)
A793 4.7 600 7.6 10−2 1.4 10−7 5.7 2.3 10−8
700 1.7 1.9 10−5 3.4 1.6 10−5
A790 4.9 500 1.5 1.1 10−8 6.6 7.6 10−10
800 1.7 9.8 10−6 6.4 3.7 10−5
A782 6.8 600 1.2 1.1 10−7 2.8 5.3 10−8
700 1.1 7.2 10−6 2.5 4.5 10−6
A808 7.6 700 3.1 10−1 8.3 10−7 2.3 4.4 10−7
A809 5.5 700 7.8 10−1 1.1 10−6 3.3 1.3 10−6
A810 3.8 700 4.6 10−1 1.7 10−6 3.6 4.2 10−6
A811 2.8 700 1.0 1.7 10−6 5.1 5.0 10−6
Table 3. Power-law equation parameters for different kinds of
INCOFOAMrHighTemp .
Fig. 5. Log-log diagram for different INCOFOAMrHighTemp types tested at dif-
ferent temperatures.
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4 Modeling of the foam behavior
4.1 Tensile elastoplastic behavior of foams
Fig. 6. Simplified foam cell elongated in the coiling direction.
A simple mechanical model for pure Ni and of alloyed foams in tension
at room temperature is presented. It incorporates the previous morphological
parameters (parameters Φ, Q,R and the measured cell equivalent axis a).
The model is based on the assumption that the bending of the struts is
the main deformation mechanism of the foam [10]. The idealized cell geometry
of figure 6 is used to link the morphological parameters to the foam volume
fraction Φ:
Φ =
4t2 (a+ b+ c)
abc
=
4t2
a2
Q+R+ 1
RQ
(5)
where t the beams thickness. Subsequently, the anisotropy ratio R is taken
equal to 1 for simplicity.
When the cell is deformed in the direction parallel to the RD, the beams
parallel to TD and ND are bent. The bending of the nonlinear beams is
computed with the Finite Element Method using 2D simulation under plane
stress conditions. Prescribing the bending of a strut in the plane by applying
an angle θ to the right edge, we compute the deflection δ of the beam and
we post-process the bending moment M in the beam at each step of the
computation. When the foam is tested in the RD direction, then the beams
of length a and b and of thickness t are bent. We impose that δa = δb = δRD
and we compute both the bending moments in the a beam Ma and in the b
beam Mb. When the foam is tested in the TD direction, we apply the same
procedure to b and c beams.
Then, scale transition rules are introduced to link the deflection to the
overall deformation of the foam, on the one hand, and between the bending
moment moment on a single beam and the foam stress, on the other hand.
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Scale transition parameters B and C are introduced in equations 6 and 7. They
depend on the foam morphology. They are identified from the macroscopic
stress-strain curves for a given morphology of Ni foams: B = 0.4 ± 0.1 and
C = 95±25. These values are valid for a wide range of Ni foams morphologies
(450µm , 580µm , 800µm and 1200µm cell size). The influence of the choice of
the cross section of the beam can also be shown to affect the parameter B and
C. For simplicity, a rectangular section is chosen. Subsequently, the constants
B and C identified for a pure Ni foam morphology are kept unchanged to
predict the behavior of lighter pure Ni foams and to predict the behavior of
the corresponding alloyed foams.
σ∗RD =
C
ab
(
Ma
a2
+
Mb
b2
)
, ε∗RD = B
δRD
c
(6)
σ∗TD =
C
bc
(
Mb
b2
+
Mc
c2
)
, ε∗TD = B
δTD
a
(7)
In figure 3, the calibrated tensile curves are plotted with the experimental
tensile curves for two different Ni foam morphologies D580 2.5 (b) D800 2.1
(solid lines), and for the lighter foams inherited from the same foam morphol-
ogy (a) D580 2.1 (b) D800 1.6 (dash lines). The anisotropy changes slightly,
the thickness t of the beams decreased and the parameter a was taken constant
equal to 382µm . We observe a good agreement between the model and the
experiment for the stress levels. However, yield stresses are over-estimated.
This is a consequence of the idealized elongated cell orientation along RD. If
the cells had a distributed orientation in the RD-TD plane, the elastic-plastic
transition domain would be smoother.
The alloying process of foams has two effects on the foams mechanical
properties: the foam constitutive material strengthening and the increasing of
the mechanical volume fraction. Our assumption is that the first phenomenon
is the most important: Φmech = ΦNi. The behavior law of the FAlloyed (sec-
tion 3.1) representing the constitutive material is implemented in the model
to predict the stress-strain curves of the alloyed foams A782 6.8 (based on the
D580 2.5) and A809 5.5 (based on the D580 2.1). Parameter Q is set to the
measured value but we kept unchanged the other morphological parameters.
In particular, the scale transition parameters B and C are the parameters
calibrated on the D580 2.5 Ni foam. In figure 4, the predicted and the ex-
perimental tensile curves are plotted. We observe a good agreement between
experimental and predicted curves. The yield stress of foams is overestimated
for the predictions in the RD and the elastic modulus is underestimated for
tensile tests in the TD.
4.2 Creep of alloyed foams
The metallic foams placed in the exhaust line are mainly exposed to gas
flow that creates forces on foam struts. The foams are loaded in compression
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and we expect them to deform especially at high temperature by creep de-
formation. The alloying of the pure Ni foams increases the creep resistance
of the foams by solid solution strengthening mainly. The creep model given
in [18] is used in this section. The alloyed foams were tested at temperatures
in the 500 - 800 ◦C range for stresses in the 0.1-3MPa range. Moreover, the
volume fraction range is relatively large (if we consider Φmech = ΦNi: 1.3-
3.2% or Φmech = ΦAlloyed: 2.8-8.4%). Our large experimental data set enable
an accurate validation of the creep model.
Two different approaches of foam creep modeling were developed in the
literature. The approach in [18] accounts for a creep mechanism transition.
The stress in the foam struts for a macroscopic stress σ∗ is estimated as
follows:
σstrut ≈ σ
∗
Φmech
(8)
In this section, we do not make assumptions on the value of Φmech. In table 4,
the range of the volume fraction and the range of applied stress in the struts
during creep tests are computed for each alloyed foam.
Alloyed Creep tests DPF application
foam Φmech σstrut (MPa) σstrut (MPa) σstrut (MPa)
label range σ∗ = 2.5 MPa σ∗ = 0.1 MPa σ∗ = 0.01 MPa
A763 8.4 3.2% - 8.4% 30 - 78 1 - 3 0.1 - 0.3
A782 6.8 2.5% - 6.8% 37 - 100 1 - 4 0.1 - 0.4
A790 4.9 2.1% - 4.9% 51 - 119 2 - 5 0.2 - 0.5
A793 4.7 1.9% - 4.7% 53 - 131 2 - 5 0.2 - 0.5
A808 7.6 2.6% - 7.6% 33 - 96 1 - 4 0.1 - 0.4
A809 5.5 2.1% - 5.5% 45 - 113 2 - 5 0.2 - 0.5
A810 3.8 1.6% - 3.8% 66 - 156 3 - 6 0.3 - 0.6
A811 2.8 1.3% - 2.8% 89 - 192 4 - 8 0.4 - 0.8
Table 4. Ranges of estimated applied stress in the struts during creep tests and in
service conditions of alloyed foams.
In figure 7, the tested temperature-stress domain and the DPF application
domain are localized to identify the creep deformation mechanism that occurs
during the creep tests. At high stresses and high temperature, power-law creep
occurs in the struts and at low stresses and low temperature, diffusional creep
occurs in the struts. The creep tests were carried out in the transition between
power-law creep domain and diffusional creep domain. This explains the slope
transition in the log-log diagram 5. The total foam creep rate is assumed to
be the sum of two contributions. The power-law creep rate equation for bulk
material is given by:
ε˙ = Kσnexp
(−Q
RT
)
(9)
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Fig. 7. Tested domain (black square) and DPF application domain (dashed square)
in the deformation mechanism map of a typical Ni-20%Cr alloy [11].
where K is the Dorn constant, n is the stress exponent, Q is the activation en-
ergy, R is the gas constant and T is the temperature in Kelvin. The diffusional
creep rate equation for bulk material is:
ε˙ =
14σΩ
κTd2
Deff , with Deff = DV
[
1 +
pi
d
δDb
DV
]
(10)
where Ω is the atomic volume, κ the Boltzmann constant, d the grain size,
and Deff is the effective diffusion coefficient. DV is the diffusion coefficient for
lattice diffusion of Ni, and δDb the diffusion constant for boundary diffusion.
The values of all the parameters are given in [11] for the typical Ni-20%Cr
alloy and are used for models computation of creep of the alloyed foams.
Considering the ”bamboo structure” of the Ni foams exhibited in [6], we take
the grain size d equal to 10µm that is to say the typical thickness of the walls
of the struts.
In the first model, the deformation mechanism of the foam is assumed to
be the bending of the struts [10]. We directly use the equations introduced
in [18]. Thus, the total foam creep model equation can be written:
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(a)
(b)
Fig. 8. Comparison between experimental creep data and both the bending model
and the compression model based on power-law creep (high stresses) and diffusional
creep (low stresses) of the struts of the (a) A790 4.9 at 500 ◦C (b) A782 6.8 at
600 ◦C . The influence of mechanical volume fraction is plotted: solid lines represent
the maximal volume fraction Φmech = ΦAlloyed (all the added mass on the foam
during the sintering process contributes to mechanical properties) and dash lines
represent the minimal volume fraction Φmech = ΦNi (the alloying of the foam only
modifies the initial strut material).
ε˙b∗ = K
0.6
(n+ 2)
(
1.7(2n+ 1)
n
)n
Φ
−(3n+1)/2
mech σ
∗nexp
(−Q
RT
)
+
14.3Ω
κTd2
σ∗Φ−2mechDeff
(11)
The second model was developed in [16] and assumes that the foam deforma-
tion mechanism is the pure strut compression of beams oriented in the same
direction as the loading direction. The total foam creep is in this model:
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(a)
(b)
Fig. 9. Comparison between experimental creep data and both the bending model
and the compression model based on power-law creep (high stresses) and diffusional
creep (low stresses) of the struts of the (a) A793 4.7 at 700 ◦C (b) A790 4.9 at
800 ◦C . The influence of mechanical volume fraction is plotted: solid lines represent
the maximal volume fraction Φmech = ΦAlloyed (all the added mass on the foam
during the sintering process contributes to mechanical properties) and dash lines
represent the minimal volume fraction Φmech = ΦNi (the alloying of the foam only
modifies the initial strut material).
ε˙c∗ = K
(
Φmech
3
)−n
σ∗nexp
(−Q
RT
)
+
14Ω
κTd2
σ∗
(
Φmech
3
)−1
Deff (12)
Experimental creep data measured at 500 ◦C , 600 ◦C , 700 ◦C , and 800 ◦C are
compared with both bending and compression model in figures 8 and 9. The
values that we used are proposed in [11]: n = 4.6, Q = 285 kJ/mol, and
K = 3.8 MPa−4.6 s−1. The effect of “mechanical” volume fraction was also
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plotted, solid lines representing the real volume fraction model, the dash lines
representing the initial Ni foam volume fraction. As observed in [16, 17, 18],
the compression model is in better agreement with the experimental data than
the bending model that overpredicts by about two orders of magnitude the
experimental data. We reach a good agreement at high temperature consid-
ering that Φmech = ΦNi. This model overpredicts the experimental data at
temperature below 600 ◦C by about two orders of magnitude. These results
remain true for the other data that are not presented here.
4.3 Finite element modelling of real foam microstructures
(a) (b)
(c) (d)
Fig. 10. Plastic deformation during a simulated tensile test of a foam cube with
dimensions 8003µm3. Deformation is magnified by a factor 20.
The increasing computing capacity enables us to perform more realistic
simulations taking the actual shape of the cells into account. We used the
finite element method on the microtomographic volume analyzed in [3] (a
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Fig. 11. Experimental and FEM simulated tensile tests of the C450 13 Ni foam at
room temperature.
200 × 200 × 99 voxel) to identify the deformation mechanisms of the foam
during monotonic tensile tests.
The AmiraTM software is used to generate a mesh from the raw binary
figures cropped to a 800× 800× 800µm3 volume. The considered volume con-
tains about 4 cells. The foam surface is first triangulated with the help of
the marching cube algorithm and the number of triangles is set to a reason-
able number. Then, a volume mesher generates a tetrahedral mesh using the
advancing front method. The obtained mesh has 77000 elements. The mea-
sured volume fraction was 19% whereas the real volumic fraction is only 13%.
This procedure provides meshes with a very good quality that can be directly
implemented in the ZeBuLonTM finite element code. We used second order
tetrahedral elements [19]. The behavior law of Ni is the elastic-plastic law
with linear hardening identified in section 4.1. Node sets are created on the
opposite faces of the cube volume element in direction TD. One of the node
set displacement is prescribed to 0 and the other is set to 10 pixel in the TD.
The computation was performed with a single PC (2 GHz CPU frequency
and 4 Gb memory) within 13 hours. In figure 10, the plastic deformation map
is presented. Plastic deformation initiate mainly at the nodes. The local plas-
tic deformation is much higher than the overall foam deformation. At higher
deformation levels, the plastic deformation is located in the struts the direc-
tion of which is parallel to the loading direction. These struts are loaded in
tension. The other struts undergo very low deformation. We post-processed
the computation to get a macroscopic stress–strain. In figure 11, we plot the
maximum local plastic deformation and the average stress in direction RD vs.
the macroscopic strain. The simulated elastic modulus is too high in compar-
ison to the experiment, but the plastic slopes are in very good agreement. We
report a factor 10 between the local maximum plastic deformation and the
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global foam deformation. This means that there is practically no pure elastic
regime in a foam tensile test.
One possible reason for the discrepancy between the computed and ex-
perimental elastic stiffness may be the size of the volume element considered
which is probably far from the representative volume element size of the ma-
terial, at least for elastic properties. The elastic bending of some particular
struts is found to be the first mechanism that occurs in the foam, assumed in
the simple model of section 4.1.
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